Abstract. We present the first maps of the apparent thermal inertia and albedo of the north polar region of Mars. The observations used to create these maps were acquired by the infrared thermal mapper (IRTM) instruments on the two Viking orbiters over a 50-day period in 1978 during the Martian early northern summer season. The maps cover the region from 60øN to the north pole at a spatial resolution of 1/2 ø of latitude. The analysis and interpretation of these maps is aided by the results of a one-dimensional radiative convective model, which is used to calculate diurnal variations in surface and atmospheric temperatures, and brightness temperatures at the top of the atmosphere for a wide range of assumptions concerning aerosol optical properties and aerosol optical depths. The results of these calculations show that the effects of the Martian atmosphere on remote determinations of surface thermal inertia are more significant than have been indicated in previous studies. The maps of apparent thermal inertia and albedo show a great deal of spatial structure that is well correlated with surface features. The north residual polar cap has a very high apparent thermal inertia, and is interpreted to contain dense, coarse-grained, or solid water ice that extends from within 2 mm of the surface to depths of at least 1 m below the surface. Detached, bright water ice deposits surrounding the residual cap also have very high apparent thermal inertias, and are interpreted to have similar properties. Polar layered deposits surrounding the north residual cap also have high apparent thermal inertias, and are also interpreted to contain near-surface water ice. Mariner 9 images of the north residual cap obtained in 1972 show much less bright water frost coverage than Viking images obtained three Mars years later in 1978, and it is suggested that layered deposits may be actively forming in these areas over interannual timescales. Dark transverse dune deposits adjacent to the north residual cap have relatively low apparent thermal inertias, as do arcuate scarp regions within the polar layered deposits that appear to be major sources of polar dune material. The apparent thermal inertias of these north polar dune deposits are significantly lower than those of intracrater dune deposits at lower latitudes. The north polar dunes are interpreted to be composed of dark unconsolidated material that is being eroded from the layered deposits and transported away from the pole by saltation. The region poleward of 60øN contains no large low thermal inertia regions, which is interpreted as evidence that atmospheric dust is not accumulating in the north polar region under present climatic conditions.
(1) the bright north residual water ice cap centered at the pole, which has a very high apparent thermal inertia, (2) the dark north circumpolar dune deposits surrounding the residual cap, which have low to intermediate apparent thermal inertias, (3) the detached bright north polar ice deposits (72* to 80øN, 110øto 270øW), which have very high apparent thermal inertias, (4) the dark northern extension of the Acidalia region (60 ø to 75øN, 20 ø to 60øW), which has high apparent thermal inertia at 60øN, but intermediate apparent thermal inertia at 75øN, (5) the bright northern Tharsis region (60øN, 90 ø to 180øW), which has low apparent thermal inertia. The number of T20 observations per mapping region and the standard deviations of the best fits are shown in Figures 3 and 4 . For most regions, the standard deviations were less than 2.5 K. The major exceptions were regions near the boundaries of high thermal inertia ice deposits, which were difficult to fit either because they contained contrasting thermal structure, or because of unknown (but presumably small) errors in pointing knowledge.
Comparisons With Measured Albedos
In addition to thermal emission measurements, the Viking IRTM instruments simultaneously acquired an extensive set of solar reflectance observations of Mars using a broad-band solar channel which spanned the wavelength region from 0.3 to 3.0 /,t m [Chase et al., 1978] . These data have been used in a variety of previous studies [Kieffer et al., 1977; Christensen 1988; Kieffer, 1979 which have included the construction of a map of the "phasecorrected" albedo of Mars from 60øS to 60øN (Pleskot and Miner, 1982) . In this study, we have used the IRTM solar channel observations to map the Lambert albedo of the north polar region during the mapping period. The map was constructed by excluding all observations that were not used to determine best fit apparent thermal inertias and albedos, and by further excluding observations obtained with local solar zenith angle i of greater than 85 ø. The measured radiance values in the IRTM solar channels RiRTM were converted to Lambert albedos, A L by the relation Aoe = FoRiRTM/(Socos i) where So is the seasonally varying normal incident solar flux, and F0 is a constant factor to account for spectral response and absolute calibration [Kieffer, 1979] . The Lambert albedo is the ratio of the measured radiance to that expected for a flat, perfectly reflecting, perfectly diffusing surface. Plate 3 shows the average measured Lambert albedos for all regions that had more than one observation. Plate 4 shows the quantity A oe-A, which is the difference between the averaged In general, the agreement between apparent and measured albedos is good, and the maps of both quantities have a similar appearance. The most notable exceptions occur in regions of lowest apparent inertia northward of 75øN, for which A * exceeds At, by over 0.1, and at 60øN, 210øW and 60øN, 340øW, where At, exceeds A* by over 0.1.
Comparison With Previous Results
Palluconi and Kieffer [ 1981 ] used IRTM observations to map the apparent thermal inertia of Mars from 60øS to 60øN at a spatial resolution of 2 ø of latitude by 2 ø of longitude. Figure 6a shows a comparison between best fit apparent thermal inertias for regions between 58øN and 60øN from Palluconi and Kieffer [1981] and from this study. Figure 6b shows a comparison between measurement of A g, the "phase-corrected" albedo from IRTM solar channel measurements from Pleskot and Miner [ 1982] and A*, the best fit apparent albedo from this study. The agreement for both quantities is good. The lower apparent thermal inertias between 70 ø and 170øW indicated in this study could potentially be due to a number of factors, including the use of more accurate model fitting procedures, neglecting downgoing infrared radiation at the surface, or temporal variations in apparent thermal inertia due to variations in atmospheric dust loading as discussed below. of A oe versus /* for the regions mapped. At high latitudes, the appearance of these plots is very similar to those in Figure 7 . The most significant differences occur at latitudes between 60øN and 70øN within regions of intermediate to low apparent thermal inertias which have the highest apparent albedos. Previous attempts to fit thermal model results to IRTM observations in these regions over the complete diurnal cycle have also required high apparent albedos [Ditteon, 1982; Paige, 1992] due to the "anomalous afternoon cooling" phenomenon, which is discussed in greater detail below.
Daily Minimum and Maximum Temperatures
Determining best fit values for I* and A * for a given region makes it possible to use the basic thermal model to compute 
Residual Diurnal Variability
Although it was possible to obtain values for F and A * that provided a good fit to the IRTM T20 observations for most regions, systematic residual differences remained. Figure 11 shows average differences between T20 and best fit model- 1982]. In low thermal inertia regions, T20 has been observed to be more than 16 K colder than best fit model predictions at 19, hours Mars local time [ Ditteon, 1982] .
Discussion
The maps of the apparent thermal inertia and albedo of the north polar region of Mars presented in this section can be used for many purposes. They show a great deal of spatial structure that is unquestionably due to large variations in the physical properties of polar surface materials. However, the basic thermal model that was used to fit the observations does not account for the effects of the Martian atmosphere, which could be important for determining the temperature of the surface, its rate of thermal emission, and observed IRTM radiances at the top of the atmosphere. Because of these effects, it is not clear whether these new polar observations can be compared directly with published low-latitude observations, or with physical models and parameterizations based exclusively on low-latitude data. In the section that follows, we present a detailed examination of the potential effects of the atmosphere. Then finally, we use this information to interpret our maps of apparent thermal inertia and albedo in terms of surface properties and geologic and atmospheric processes
The Effects of the Atmosphere
Understanding the effects of the atmosphere is of great importance for comparing the results obtained here with those of previous studies, and for interpreting the IRTM observations in terms of the true surface thermophysical properties. Previous studies of the effects of the atmosphere can be divided into two categories. The first have dealt with the effects of atmospheric aerosols and/or gases on measured radiances at the top of the atmosphere [Curran et For model atmosphere 1, the atmosphere was assumed to contain CO2 gas, but no aerosols. For model atmosphere 2, the atmosphere was assumed to contain dust with solar spectrum averaged optical properties like those inferred at the Viking 1 landing site during the 1977B global dust storm [Pollack et al., 1979] . At infrared wavelengths, the dust was assumed to have montmorillonite 219B refractive indices from 5 to 15 3t m [ Toon et al., 1977] , and Basalt refractive indices from 15 to 50 3t rn [Pollack et al., 1973] , which proved a good fit to Mariner 9 infrared interferometer spectrometer (IRIS) observations during the 1971A global dust storm [Toon et al., 1977] , and to observations obtained by IRTM [Hunt, 1979] . Dust infrared optical properties were calculated using Mie theory [Hansen and Travis, 1974 ] assuming a modified gamma size distribution [Deirmendjian, 1969] with the size parameters rm=0.4, o•=2, and 7=0.5. These infrared dust optical properties have been used commonly in previous calculations, and in this paper will be referred to as "Mariner 9-inferred" dust. For model atmospheres 2 and 3, the dust was assumed to be distributed uniformly with pressure. Model atmosphere 2 assumes a solar spectrum averaged normal optical depth ,so of 0.2, model atmosphere 3 assumes an optical depth ,so of 0.6. Model atmosphere 4 uses the same dust optical properties, but assumes that the dust is uniformly distributed between the surface and the 3.6-mbar pressure level, which leaves the atmosphere free of dust at altitudes greater than approximately 15 km. Model atmosphere 5 assumes uniform distribution with pressure, but uses a dust size distribution that is more sharply peaked at the smaller radii. This decreases the ratio between the infrared and solar opacity of the dust by a factor of 2. Model atmosphere 6 assumes Mariner 9-inferred infrared dust optical properties, but uses solar spectrum averaged dust optical properties derived by Clancy and Lee 
Discussion
The one-dimensional modeling results presented here indicate that the effects of the Martian atmosphere on measured diurnal brightness temperature variations are even more significant than those indicated in the study by Haberle and Jakosky [1991] . They also demonstrate that aerosol optical properties, vertical distribution, latitude, and season are very important when considering the effects of the atmosphere on surface heat balance. From a practical standpoint, this represents a formidable problem for the analysis of the IRTM north polar observations considered in this study, or for that matter, any other set of infrared observations. While the one-dimensional model results resemble many aspects of the IRTM observations during this season, they are extremely sensitive to the aerosol optical properties and optical depths used in the model atmospheres. The possibility that these properties exhibited significant spatial variability during the mapping period is an additional complicating factor. In the interpretations that follow, the best fit apparent thermal inertias at all latitudes will be treated as upper limits for actual surface thermal inertias, especially for regions with low apparent thermal inertias.
In the future, efforts to map the thermal behavior of the Martian surface would be greatly aided by the acquisition of detailed, simultaneous information concerning the vertical temperature and opacity structure of the lower atmosphere. The acquisition of vertical temperature profiles would also enable the interpretation of multispectral infrared radiance measurements at the top of the atmosphere in terms of aerosol optical properties and optical depths, as has been accomplished using 
Interpretation
The maps of apparent thermal inertia and albedo presented in this study provide new information concerning the properties of the surface and subsurface materials in the north polar region. In this section, we first review some basic relationships between bulk thermal properties and surface thermal behavior, and then we interpret our new thermal inertia and albedo maps in light of previous work and the atmospheric modeling results just presented.
Interpretation of Thermal Inertia
Thermal inertia is a composite quantity that can be affected by a number of factors. For most geologic materials, the volume heat capacity p c varies by only a factor of 4, which implies that thermal inertia variations are primarily due to variations in thermal conductivity. For particulate surfaces, thermal conductivity can vary widely with grain size, gas pressure, and temperature [ Wechsler and Glaser, 1965] . Table 4 Kieffer [ 1990] .
A Table 4 ). The atmospheric modeling results presented in the last section showed that these very high apparent thermal inertias cannot be due solely to the effects of the atmosphere.
Based on the modeling results presented in Figure 17 , it appears safe to conclude that these deposits consist of dense, coarse grained, or compacted snow or ice that extends from the surface, or at least from within a few millimeters of the surface, to depths of at least 10 cm below the surface. This interpretation holds equally for the ice deposits on the residual cap as it does for the detached ice deposits at lower latitudes, which have similar The fact that the Martian north permanent water ice cap contains coarse-grained or solid water ice is consistent with the model predictions of Kieffer [1990] . By scaling field-verified models for thermal metamorphism rates of terrestrial snow, Kieffer [ 1990] predicts steady state surface ice grain radii ranging from 90 ttm to 3 mm for present Martian conditions at 85øN. Kieffer [1990] The high apparent thermal inertias of the exposed north polar layered deposits imply that, to at least a diurnal skin depth, these deposits are probably not composed solely of unconsolidated dust or sand. The fact that the layered deposits have distinctly higher apparent inertias than the surrounding dark circumpolar dune deposits or adjacent polar plains areas is consistent with this interpretation. If the layered deposits are sedimentary in origin, their high thermal inertias imply the presence of a bonding agent, which could potentially be a weathering byproduct [Herkenhoff and Murray, 1990] or water ice itself. The ubiquity of water ice in the north polar region makes ice a prime candidate for the bonding material. The high thermal inertias of these deposits could also indicate that these deposits consist of dustcontaminated ice. Given that the average mass loading of dust in the Martian atmosphere is comparable to the average mass loading of water vapor [Pollack et al., 1979] , dust/ice mixtures deposited onto the north polar cap in their observed atmospheric proportions would be expected to have low albedos [Kieffer, 1990] . [Davies, 1982] . The elevated water vapor abundances observed in the north polar region during early summer are generally acknowledged to be due to three factors. The first is that there are abundant water sources on the surface in the form of permanent ice deposits at the residual cap [Farmer et al., 1976] and possibly in the form of seasonal ice deposits in the surrounding area [Davies, 1981 ] . The second is that, because the polar atmosphere does not experience large diurnal temperature variations, its water vapor holding capacity is not limited by nighttime condensation as it is at lower latitudes. The third is that circulation models show that the rate of water transport to lower latitudes is not likely to be very efficient during this season, and that most of the water produced in the polar region remains at high latitudes [Haberle and Jakosky, 1990] .
Water Ice Stability in the North
A consideration of water ice temperatures and atmospheric water vapor abundances can provide insight into whether the north polar layered terrains could contain stable, near-surface water ice. Table 5 shows basic thermal model calculated daily minimum, maximum and average surface temperatures midway through the mapping period at 80øN for typical regions containing bright water ice deposits, polar layered deposits, and dark circumpolar dunes. The thermal model parameters used are representative of those that provide good fits to the IRTM observations of these regions during this season. Also shown are estimates of the maximum water vapor holding capacity of the Martian atmosphere in these regions, which were determined by assuming the atmosphere was saturated with water at all altitudes.
Since the IRTM 15-/.tm channel observations show that atmospheric temperatures at altitudes of ~25 km are only 172 K during this season (see Figure 16) , it is clear that the bulk of the water vapor observed by MAWD at this latitude must be concentrated in the lower atmosphere. In accordance with the general results of one-dimensional radiative-convective model simulations, lower atmospheric temperatures were assumed to decrease linearly from the surface to an altitude of 25 km, and were assumed to be isothermal to the "top" of the atmosphere at 50 km. Atmospheric temperatures at the surface were assumed to be equal to the daily averaged temperature of the surface, and atmospheric temperatures at 25 km were assumed to be equal to the measured value of T15. Column water vapor abundances were calculated assuming that the water vapor concentration at each level of the atmosphere was equal to the local saturation vapor pressure. Over regions containing primarily bright water ice deposits, this procedure yields maximum column water vapor abundances of 28. The analysis presented above suggests that if water ice were present within the north polar layered deposits, it might be stable to evaporation during the summer season. Analysis of multispectral Viking orbiter images by Thomas and Weitz [1989] shows that the uppermost surface regions in the north polar region that display layering contain patches of exposed ice, as well as materials that have colors and albedos that span the range between those of bright dust deposits in low thermal inertia regions, and the dark circumpolar dune fields. The thermal stability of water ice below dark, low thermal inertia surface soil layers can be investigated using the two-layer thermal model described earlier. Figure 18 and at the uppermost high thermal inertia ice layer for the same two-layer model cases shown in Figure 18 . As would be expected, if ice is close enough to the surface to be responsible for the high apparent thermal inertias of these terrains, then the degree of thermal protection it would receive from a thin overlying soil layer would be small. Figure 19 may also provide some insight into feedback processes that could potentially lead to the stability of water ice in such close proximity to the surface. Paige [1992] has shown that at lower latitudes, the process of ground ice formation below low thermal inertia surface soil layers is thermally stable, and can be enhanced by the thermal effects of the high thermal inertia ice deposits themselves. At high latitudes, the feedback processes demonstrated in Paige's [ 1992] study are also expected to occur. In the north polar region, the abundance of near-surface atmospheric water vapor during the summer season is determined by the saturation vapor pressure, which is in turn determined by the temperature of the surface itself. Figure 19 shows that daily-averaged surface soil temperatures are completely unaffected by the presence of nearsurface ice, which means that to first order, near-surface frostpoint temperatures are independent of the presence of ice within the layered deposits as long as there are sources of water vapor in the general vicinity. If the average surface frost-point temperature is fixed, then sublimation within ice-saturated layers at depth would result in an increase in the depth of the overlying unfrosted surface soil layer and lower subsurface ice temperatures, which would result in the recondensation of water at depth and tend to restore ice to its original level below the surface. As long as near-surface frost-point temperatures near the pole are close to actual surface temperatures, then the equilibrium thicknesses of any low thermal inertia surface soil layers near the pole, if present at all, would be expected to be very small.
The results in
When considering the stability of water ice in the north polar layered deposits over long timescales, the effects of horizontal water vapor transport and erosion and deposition must also be considered. Both issues are difficult to address with presently available observations. Although there can be little question that there is a net transport of water vapor away from the north polar region during the summer season [ Farmer et [ Capen, 1980] . Apparently, the Rima Tenuis is visible only during summer seasons when the north residual cap is unusually small.
When taken as a whole, the observations presented in this paper suggest that in future studies, the north polar bright ice deposits, and the exposed north polar layered deposits might best be considered as a single entity. The fact that extensive regions which appeared dark during the summer season of 1972 appeared bright and had high thermal inertias in 1978 suggests two possible explanations. The first is that a thin layer of dark, dustrich material was removed from these regions of the cap between 1972 and 1976. The second is that a thin layer of bright, ice-rich material was deposited during the same period. Of the two, the second hypothesis seems the more likely, given that the removal of a dark surface dust deposit is not likely to leave a completely clean, bright, dust-free surface. If a widespread bright, ice-rich surface layer did form between 1972 and 1976, and it did not sublimate completely, the. n the Mariner 9 and Viking observations could potentially be interpreted as fragmentary evidence for the ongoing formation of layered deposits in the north polar region over interannual timescales.
North Polar Dune Deposits
The dark north circumpolar dune deposits are the most extensive dune deposits on the planet. Their morphology, distribution, and spectral properties have been addressed in a number of previous studies [Cutts et inertia material also appears to be present at the location of an arcuate scarp within the polar layered deposits at 84.5øN, 125øW, which appears to be a major source region for the largest transverse dune deposit [ Tsoar et al., 1979; Thomas and Weitz, 1989] , although higher-resolution data are required to resolve this feature. Regions that contain barchan dunes, which tend to have much less than 100% dune cover, typically have higher thermal inertias than the more completely covered transverse dune regions. This may be consistent with the notion that the barchan dunes also consist of lower thermal inertia material, but that the IRTM observations of these regions are affected by the presence of exposed higher-inertia polar plains material that underlies the dunes. The regions within the dark circumpolar area that have some of the highest apparent thermal inertias, such as those between longitudes of 320øW to 360øW, occur in areas that are not mapped as containing dunes. These areas may be analogous to dark, high thermal inertia intracrater deposits observed at lower latitudes [Christensen, 1983] .
The apparent thermal inertias of the north polar dune deposits appear to be distinctly lower than dune deposits elsewhere on the planet. Edgett and Christensen [1991] have analyzed IRTM brightness temperature observations of four continuous intracrater dune deposits at lower latitudes, and found them all to have apparent thermal inertias between 330 and 356 J m -2 s -1/2 K -1 , which according to the estimates summarized in Table 4 , implies average effective particle diameters on the order of 500 3tm. Since dunes, which are formed by saltation, are generally composed of a narrow range of particle sizes, they are considered to be good surfaces to test theories of particle size-conductivity relationships and aeolian transport in the Martian environment. Edgett and Christensen [ 1991 ] Martian atmospheric conditions, the crystalline materials with particle diameters of greater than -210 3tm are expected to be transported by saltation, whereas crystalline materials with particle diameters of less than -210 •m are expected to be transported by suspension. Edgett and Christensen [1991] interpreted their inferred effective dune particle diameters of -500 3tm as being consistent with the predictions of aeolian transport theory.
We have identified three possible explanations for the low apparent thermal inertias of dark dune deposits in the north polar region. The remainder of this section consists of a description of these three explanations, followed by a short discussion.
The effects of the atmosphere. The first explanation involves the effects of the atmosphere. In the last section, it was demonstrated that at both high and low latitudes, measured One way to partially reconcile this apparent discrepancy would be to propose that dunes in all areas of the planet have similar actual inertias, but that the effects of the atmosphere on apparent inertias are greater at lower latitudes. Table 5 dune materials may be considerably lower than suggested by Edgett and Christensen's analysis. More generally, they provide additional evidence that without independent information concerning the spatial and temporal distribution of atmospheric aerosols and their optical properties, it is not possible to determine the absolute thermal inertias of most Martian surface materials in a unique manner from remote observations. The effects of dune surface slopes. A second explanation for the low thermal inertias of north polar dune deposits is that they are due to the effects of dune surface slopes. From a morphologic standpoint, the dune regions that have the lowest apparent inertias contain regularly spaced transverse dunes oriented perpendicularly to predominantly northeast to southwest winds [ Tsoar et al., 1979] . Dune face profiles in this region tend to be more symmetric than in other locations, suggesting a seasonal 180 ø reversal in wind direction [Tsoar et al., 1979] , which would also explain why aeolian material has accumulated in these areas [Lancaster and Greeley, 1990] diurnal variability, which would imply that the low apparent thermal inertia of this region is not due to the effects of steep dune slopes. Low thermal inertia particles. A third explanation for the low thermal inertias of noah polar dune deposits is that they are composed of low thermal inertia particles. The literature contains a number of interesting ideas on this subject. One suggestion is that the dune deposits are composed of low-density, sand-sized aggregations of smaller particles. Suggested analogs for this material have included irregularly shaped cemented dust and sand fragments called pama [Greeley, 1986] , or filamentary sublimate residue particles, which can be formed by the complete sublimation of mixtures of ice and silicate dust [Saunders et al., 1986; Saunders and Blewett, 1987] . Although the thermal inertias of surfaces composed of such materials would be difficult to predict, they are likely to be significantly lower than those for surfaces composed of crystalline sand [Herkenhoff, 1992] . The expected particle sizes of dunes composed of these low-density particles can be estimated using aeolian transport theory. If the diameters of 330 #m. For particles with these densities, the terminal fall velocity exceeds the threshold friction velocity for all particles with diameters of 510 #m or greater. This implies that the diameters of dune-forming low-density aggregates might be expected to be measured in millimeters. Another possibility that may deserve consideration is that the north polar dunes are composed of very fine grained granular materials that achieve mobility by saltation only when they are surrounded by, or attached to, larger particles that contain seasonal water ice or CO 2 frost. Redistributing dust in this manner was mentioned by Kieffer [1990] as a mechanism for explaining observed interannual variations in the albedo of the north residual polar cap.
One serious difficulty with the notion that the north polar dunes are composed of aggregations of low thermal inertia particles is that at low-latitude, low thermal inertia regions generally have high albedos [Palluconi and Kieffer, 1981] and high red to violet reflectance ratios [Thomas and Veverka, 1986] , whereas low-latitude dark intracrater deposits have high thermal inertias [Christensen, 1983] and lower red to violet reflectance ratios [Thomas and Veverka, 1986] . If the north polar dune deposits were composed of aggregations of low thermal inertia materials, one might also expect them to have color ratios that were similar to those of low thermal inertia regions at lower latitudes [Thomas and Weitz, 1989 ]. Instead, their reflectance' properties are essentially identical to those of the dark intracrater deposits [Thomas and Weitz, 1989 ]. Christensen's [1983] analysis of Viking and Mariner 9 observations of the dark intracrater deposits shows that they display a wide range of apparent thermal inertias. Only a small percentage of these deposits have recognizable dune forms in the available imagery, and those that do tend to have the lowest apparent thermal inertias [Christensen, 1983] . Most of the dark intracrater deposits show no evidence for dune formations, and therefore have been suggested to be composed of very coarse, high inertia material that is transported by creep induced by the impact of aeolian materials [Christensen, 1983] . The fact that these deposits are generally associated with topographic obstacles, and that they are not generally found in bright, low thermal inertia regions supports the notion that the mobility of this material is extremely limited [ Christensen, 1983] . If the dark intracrater deposits contain particles with large and intermediate grain sizes, then it is likely that particles with smaller grain sizes, but similar composition, also exist. Since the finest dark material is likely to be transported by suspension, it should be thoroughly mixed with fine bright material and distributed over much of the planet. This notion is supported by analyses of Viking lander sky brightness measurements, which show that small amounts of a dark mineral such as magnetite may be the principal opaque component of Martian aerosols , and by the Viking lander magnetic properties experiment results, which show that dark magnetic mineral grains are present in Martian soil [Hargraves et al., 1979] . While granular deposits composed of the extremely fine grained material presently suspended in the Martian atmosphere would not be expected to form dune deposits under present climatic conditions, there is likely to be a range of dark material with intermediate grain sizes that can be effectively Discussion. While all three of the explanations we have presented here may be partially responsible for the low apparent thermal inertias of the north polar dune deposits, the hypothesis that these deposits are composed of dark crystalline sand particles seems to us to be the most plausible. It provides a simple explanation for the similarities between the observed color properties of the polar dune deposits and those at lower latitudes [Thomas and Weitz, 1989] , and is consistent with the observed tendency for dark, dune-forming deposits to have lower thermal inertias than dark, non-dune-forming deposits Christensen [1983] . This hypothesis does not require unique or exotic processes for the formation of the north polar dune particles, but it does leave open the question of how this material became incorporated into the polar layered deposits.
One possibility is that these particles were transported to the poles by suspension during periods of high obliquity, when atmospheric pressures may have been significantly higher than today. Another possibility is that these particles were created locally in the vicinity of the residual cap. [Budd et. al., 1986] corresponding increase in best fit albedo or Lambert albedo. This is in sharp contrast to the northern boundary of the high thermal inertia region northward of Utopia Planitia (65øN, 210øW to 310øW), which is marked by a transition from low to high albedo (see Plates 1 and 2). At Martian midlatitudes, dark regions such as Acidalia have been interpreted to be areas that have been stripped of bright, fine-grained material [Christensen, 1982; Greeley et al., 1993] . In these areas, most of the remaining terrain is likely to be covered by dark, coarse-grained material that may be analogous to the highest-inertia dark intracrater deposits [Christensen, 1982 [Christensen, , 1983 . The Tanaka and Scott [1987] geologic map indicates the presence of crescentic dunes within the northern Acidalia region at latitudes between 70øN and 80øN. The lower thermal inertia of this area would be consistent with the observed association between lower thermal inertias and dune forms within dark intracrater deposits observed at lower latitudes [ Christensen, 1983] . However, it should also be pointed out that the one-dimensional atmospheric model results also predict a modest decrease in apparent thermal inertias with latitude during this season for model atmospheres that assume dust optical depths as low as 0.2 (see Figures 12 and 13) . Furthermore, if dust opacity decreased with latitude during this season, the model results would predict even lower apparent thermal inertias at higher latitudes. This example helps illustrate the uncertainties inherent in comparing the apparent thermal inertias of widely separated areas without independent information concerning the effects of the Martian atmosphere. One striking aspect of the apparent thermal inertia map of the north polar region is the complete absence of large low thermal inertia regions. The map shows regions with intermediate apparent thermal inertias extending northward from the Tharsis and Arabia low thermal inertia regions at 90øW to 160øW, and 320øW to 360øW, but by midlatitude standards, these areas cannot be considered low thermal inertia regions in their own right. This absence of low thermal inertia regions poleward of 60øN is somewhat surprising in light of previous work. Both Mariner 9 and Viking observed great dust storms that occurred during the fall and winter seasons in the northern hemisphere. In both cases, the storms were accompanied by elevated polar atmospheric temperatures [Hanel et al., 1972' Martin and Kieffer, 1979] due to the transport of heat, and presumably, dust into the north polar region [Barnes, 1990] . In fact, the scavenging and precipitation of airborne dust during the polar night by carbon dioxide snow have been proposed as important mechanisms for the removal of dust from the atmosphere during the decay phases of global dust storms [Pollack et al., 1979] . Although there are large uncertainties concerning the total amount of dust that might be deposited in the north polar region over the course of a year, the fact that some dust must get deposited is almost unavoidable. The question of the ultimate fate of the dust has been addressed in a number of studies that consider the origin and evolution of the midlatitude low thermal inertia regions [Zimbelman and Kieffer, 1979' Palluconi and Kieffer, 1981; Christensen, 1982 Christensen, , 1986 Christensen, , 1988 . Clearly, to prevent seasonally deposited dust from accumulating in regions where observations show that surface dust is not present requires the operation of rapid and effective dust removal processes. At midlatitudes, observations of temporal variations in the reflectivities of dark regions have been interpreted as evidence for dust removal processes that operate over seasonal timescales [Christensen, 1988] . Therefore the absence of extensive surface dust deposits in the north polar region may not necessarily be evidence that dust is not transported into the north polar region on a seasonal basis. However, the new observations presented in this study indicate that it is safe to conclude that dust is not accumulating in the north polar region under present climatic conditions. The implications of this result for the Martian global dust cycle are discussed more fully in Paper 2.
Conclusions
The principal conclusions of this study are listed below by The first is to reduce the amplitudes of diurnal surface temperature variations. The second is to reduce the amplitudes of measured diurnal brightness temperature variations at the top of the atmosphere. The second effect becomes more important as aerosol optical depths at infrared wavelengths increase. Both effects tend to increase the apparent thermal inertia of the surface. Only the first effect has been considered in previous one-dimensional modeling studies.
For surfaces with low and intermediate thermal inertias, the
Martian atmosphere with no aerosols present nearly doubles apparent thermal inertias during this season. When the effects of dust with a solar-spectrum-averaged optical depth of 0.6 are also included, apparent thermal inertias are nearly quadrupled. Water
